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A couple of issues concerning the effective dynamics of D-branes in string theory are discussed. Primarily, I
am concerned with linearization of the actions by introduction of non-propagating fields and a full super- and
κ-symmetric description of D-branes. This contribution summarizes the work of refs. [1–3].
1. BACKGROUND
D-branes, or Dirichlet branes, play a central
roˆle in non-perturbative superstring theory [4–6].
They occur as soliton-like solutions of the low-
energy effective actions for the massless sector of
type II string theories, and provide hypersurfaces
of Dirichlet boundary conditions for open strings.
D-branes are the objects in string theory carrying
Ramond–Ramond (RR) charges, i.e., they couple
to the antisymmetric tensor fields in the mass-
less RR sector of type II string theory. We call
the D-brane configurations “soliton-like” because
their roˆle seems to be intermediate between fun-
damental and truly solitonic excitations in that
they do not act as fundamental excitation in any
dual picture of the theory.
One part of the effective actions for D-branes,
namely the “kinetic term”, containing the cou-
plings to the massless fields in the NS–NS sector,
has been known for quite some time, and was ob-
tained by demanding that the β-functions corre-
sponding to these fields for an open string ending
on a D-brane vanishes [7]. Boundary contribu-
tions are cancelled by the classical variation of
the effective D-brane action, which turns out to
be of Dirac–Born–Infeld (DBI) form:
IDBI = −
∫
dp+1ξe−φ
√
−det(gij + Fij) . (1)
This action contains the dilaton φ, the target
space metric gmn via its pullback to the world-
volume gij and the antisymmetric tensor field
Bmn via Fij =
α′
2piFij − Bij . The bosonic world-
volume degrees of freedom are thus the embed-
ding together with a world-volume U(1) poten-
tial A, F = dA. At this point, D-branes differ
from ordinary p-branes in that there are bosonic
world-volume fields in non-scalar representations,
a fact that becomes important when one wants to
write down supersymmetric actions. The DBI ac-
tion thus contains the kinetic part of the action
for the bosonic degrees of freedom, as well as the
coupling to the massless fields in the NS–NS sec-
tor.
Another piece of information concerning the ac-
tions is the form of the coupling to the RR an-
tisymmetric tensor potentials. To its full extent,
this was first formulated in refs. [8,9]. To the
DBI action should be added aWess-Zumino (WZ)
term of the form
IWZ =
∫
eFC , (2)
where C is the cochain of RR potentials together
with the potentials for the dual field-strengths.
The products (including the exponential) are un-
derstood to be wedge products of forms. Since F
is a two-form, we see that Dp-branes of odd p cou-
ple to even potentials, i.e., those of type IIB super-
string theory, while those of even p couple to the
odd potentials of type IIA. This of course agrees
with the supergravities in which these branes are
found as solutions.
Both the formulation of a supersymmetric ac-
tion and considerations concerning duality prop-
2erties [10] demand a delicate interplay between
the DBI and WZ parts of the actions.
So, while there has been quite some informa-
tion about the effective dynamics of D-branes,
and about their roˆle in non-perturbative string
theory, important pieces of information have been
missing. In this contribution, I would like to ad-
dress two issues. The first of these is the question
of whether it is possible to rewrite the DBI action
in a more tractable form, using auxiliary non-
propagating fields on the world-volume [1]. In
string theory, the corresponding procedure takes
us from the Nambu–Goto action to the Brink–
DiVecchia–Howe action [11], which is much more
useful in that the coordinates simply become free
scalars. We do not expect the same dramatic sim-
plification as in string theory, of course, since an
auxiliary world-volume metric cannot be gauge-
fixed to the same extent as in the case p = 1, but
such a formulation might still be illuminating, es-
pecially with respect to symmetries. The second
issue is the inclusion of fermionic degrees of free-
dom on the world-volume [2,3]. We know that D-
brane configurations are BPS states, conserving
half of the supersymmetry. In order to address
this question, we need to understand the mecha-
nism of κ-symmetry for D-branes. This fermionic
gauge symmetry removes half of the fermionic
variables on the world-volume, so that the physi-
cal ones may generate the appropriate number of
states for a BPS-saturated multiplet.
At the time of the conference, there were only
some partial results on supersymmetric D-branes.
Some of the key ideas used in refs. [2,3] were de-
veloped during this meeting, and since one of the
main points of the talk was supersymmetrization,
I found it appropriate rather to include results ob-
tained after the date of the talk than to pretend
that I still do not know them. Three other pa-
pers [12–14] by other authors have also appeared
since, that derive parts of the results of refs. [2,3].
I want to take the opportunity to thank the
organizers of the 30th Ahrenshoop symposium
for an excellent conference, and my collabora-
tors Alexander von Gussich, Aleksandar Mikovic´,
Bengt E. W. Nilsson, Per Sundell and Anders
Westerberg, whose joint work I report on here.
2. “LINEARIZED” ACTIONS
In string theory, it has been extremely useful
to work with a formulation where the area action
given in terms of the pullback of a background
metric, i.e., the Nambu–Goto action
ING = −
∫
d2ξ
√
−detgij , (3)
is replaced by an equivalent action containing an
auxiliary non-propagating world-sheet metric γ,
I = −1
2
∫
d2ξ
√−γγij∂iXm∂jXngmn . (4)
The embedding coordinates become ordinary free
scalars on world-sheet, and this allows for the
extremely powerful machinery of conformal field
theory. Although the possible gauge choices for
higher-dimensional objects are not expected to
lead to as dramatic simplifications as for strings,
it might still be relevant to ask whether a similar
reformulation is possible. A formulation where
the dynamical degrees of freedom behave as free
fields would in many respects, such as super-
symmetrization, be preferable. We refer to ac-
tion containing the auxiliary metric as Brink–
DiVecchia–Howe–Tucker (BDHT) type actions
[11,15].
It is well known that any p-brane involving no
other bosonic world-volume degrees of freedom
than scalars allows for such a formulation. It is
a straightforward generalization of the string ac-
tion, namely
I = −1
2
∫
dp+1ξ
√−γ{γij∂iXm∂jXngmn
−(p− 1)} , (5)
Elimination of γ via its (algebraic) equations of
motion yields the equivalent action
I = −
∫
dp+1ξ
√
−detgij . (6)
where g is the pullback of the background met-
ric, gij = ∂iX
m∂jX
ngmn. The solution of the
equations of motion for γ is simply γ = g.
In ref. [1], we investigate the generalization of
this procedure to D-branes, where as mentioned
one has a world-volume vector potential in ad-
dition to the embedding coordinates. The hope
3was that, by the introduction of an auxiliary
world-volume metric, the Dirac–Born–Infeld ac-
tion would become more “linear”, and that this
would be the appropriate setting for addressing
issues like supersymmetrization. The basic as-
sumption that was made was that the embed-
ding coordinates should continue to behave as
free fields on the world-volume. We were en-
couraged by the already known fact [16] that for
p = 2 the equivalent BDHT-type action just in-
cludes a quadratic term in the world-volume field
strength. The manipulations in this section will
be restricted to the Dirac–Born–Infeld part of the
D-brane actions only. Also, since the background
fields do not take part in the procedure, they can
be considered just as constants during this proce-
dure, and nothing is lost by restriction to the flat
case.
To this end, one can make a completely general
Ansatz for the BDHT lagrangian:
L = −1
2
√−γ {tr(γ−1g) + ϕ(γ−1F )
−(p− 1)} . (7)
Notice that the metric γ only occurs algebraically,
so that one in principle may solve its equations of
motion and plug the solution back into the ac-
tion. The criterion is then that this procedure
should yield the Dirac–Born–Infeld action, and
equivalence is proven.
In order to deal with the algebra associated
with solving these equations, it is convenient to
define a set of matrices
uij = γ
ikgkj , X
i
j = g
ikFkj , (8)
or, in shorthand,
u = γ−1g , X = g−1F . (9)
When all relevant entities are expressed in terms
of matrices with one upper and one lower index,
all algebra reduces to matrix algebra. Solving for
γ in terms of g and F is equivalent to solving for
u in terms of X .
As a warm-up exercise, one may treat the case
F = 0. Then the equations of motion for γ−1
read
0 = −1
2
tru+ u+
p− 1
2
(10)
and the solution is obviously u = 1. Plugged back
into the action, it gives the Nambu–Goto action
(3), as promised.
In order to incorporate the tensor field, and to
treat all values of p, we make the following ob-
servation. Due to the antisymmetry of F , the
number of independent scalar invariants equals
the rank of the world-volume Lorentz group, i.e.,
n for p = 2n − 1 and p = 2n. One such set
of invariants consists of trX2k, k = 1 . . . n, and,
for odd p, detX . There is also a matrix identity,
expressing Xp+1 in terms of lower powers of X
and these invariants. Due to symmetry proper-
ties, the solution of u in terms of X only contains
even powers, and a general Ansatz may be writ-
ten as u(X) =
∑n
k=0 ukX
2k, where the uk’s are
scalar functions of the invariants.
An even more useful basis is one where the ma-
trix X2 is diagonalized. The general structure is
that for p = 2n there will be n non-zero eigenval-
ues with multiplicity two, and a non-degenerate
zero eigenvalue, while for p = 2n − 1 there will
be n non-zero eigenvalues with multiplicity two.
When one restricts to the subspace spanned by
the even powers of X , the degeneracy disappears.
The “eigenvectors” v0, {vi}ni=1 are conveniently
normalized so that they become projection oper-
ators on the appropriate linear subspaces. The
expansion we will use is
u(X) = u0v0 +
n∑
i=1
uivi , (11)
where the ui’s are scalar functions of the invariant
eigenvalues {λi} and the first term is present only
for even values of p.
The observation that simplifies the calculations
in this basis is that the unknown function ϕ has
the argument uX , and this only enters with even
powers. Any solution u(X) commutes with X ,
so ϕ only depends on the combination X2u2 =∑n
i=1 λiui
2vi, so that it is a function of the scalars
{λiui2}ni=1. It is then straightforward work to
write down the equations of motion for the auxil-
iary metric, and the condition that resubstituting
its solution yield the Dirac–Born–Infeld action.
4These conditions together become:
p odd:
0 = n−1− ∑
j 6=i
uj − 12ϕ+ 12ui ∂ϕ∂ui ,
i=1, . . . , n ,∑
i
ui + 12ϕ− (n−1) =
∏
i
(1−λi)1/2ui .
p even:
u0 = −(2n−1) + 2
∑
i
ui + ϕ ,
0 = −u0 + ui + 12ui ∂ϕ∂ui ,
i=1, . . . , n ,
u0 =
∏
i
(1−λi)u2i . (12)
To arrive at these equations, we have used the
properties of the eigenvectors/projection oper-
ators together with the determinant relations
detu = u0
∏n
i=1 ui
2 (first factor only present for
even p), det(1 +X) =
∏n
i=1(1 − λi).
At this point, one would like to look for solu-
tions to these equations. Such solutions provide
the BDHT actions, as well as explicit relations be-
tween the auxiliary and induces metrics. The so-
lution becomes increasingly difficult with increas-
ing world-volume dimensionality. We will illus-
trate by starting with the membrane and moving
up in p.
The first issue is the (already well known [16])
D2-brane. X2 is readily diagonalized with
λ0 = 0 , v0 = 1 − 2trX2X2 ,
λ1 = 12 trX
2 , v1 =
2
trX2X
2 . (13)
(there is no reason to worry about objects that
are singular as F → 0, they will not occur in
the final expressions). When this is inserted in
eq. (12), the solution is easily found to be
u0 = 1− λ1 , u1 = 1 , ϕ = −λ1u12 , (14)
or in terms of the variables of the original actions,
γ−1g = 1 − 1
2
tr(g−1F ) + (g−1F )2 ,
ϕ = −1
2
tr(γ−1F )2 . (15)
Thus, the very non-linear Dirac–Born–Infeld ac-
tion becomes the ordinary action for a free Max-
well field when the auxiliary metric is introduced.
For the three-brane, the diagonalization yields
λ± = 14 trX
2 ±√−∆ ,
v± = 12
[
1± 1√−∆
(
X2 − 14 trX2
)]
, (16)
where ∆(X) = detX − 1
16
(trX2)2. Here, it takes
some guesswork to find the solution, and we refer
to ref. [1] for details. It is
u± =
√
1−λ∓
1−λ± ,
ϕ = 2
{
1−
√(
1 + λ+u
2
+
)(
1 + λ−u
2
−
)}
= 2
{
1−
√
1 + 1
2
tr(uX)2 + det(uX)
}
. (17)
The situation is clearly more non-linear than for
the membrane, and the hope that the presence of
an auxiliary metric would simplify the action does
not seem to be fulfilled. One may make two curi-
ous remarks here. The first one is that although
the induced and auxiliary metrics are related via
an equation that is non-polynomial in the field
strength, their determinants coincide (this follows
from u+u− = 1). We have not really understood
why this should happen, and it may be a clue
to some interesting structure. The second one is
that if ∆ = 0, the entire non-linearity dissolves,
and one again gets the free Maxwell action. This
observation might be interesting for branes with
signature (2,2), where such a constraint is equiva-
lent to selfduality or anti-selfduality (in signature
(1,3) it is too strong, and makes all the F contri-
butions to the action vanish). It should also be
pointed out that the occurrence of a square root
is not directly related to the square root in the
Dirac–Born–Infeld action, but rather peculiar to
p = 3.
For the case p = 4, we are in the peculiar
situation that we have been able to derive the
solution of the field equations for γ, but not a
closed form for the action they descend from.
The non-zero eigenvalues are λ± = 14 trX
2 ±
[ 1
4
trX4− 116(trX2)2 ]1/2, and the relation between
the auxiliary and the induced metric is given by
u± = (1−λ±)−2/3 (1−λ∓)1/3. The function ϕ
has as its arguments t± = λ±u2±, and it is given
5implicitly by
t± = u2± − 1u∓ ,
ϕ = 3+ 1u+u− − 2 (u++u−) . (18)
Ironically enough, elimination of u± from these
equations amounts to solving a fifth order equa-
tion.
To conclude this section, we have devised a
systematic procedure for introducing the auxil-
iary metric and writing down the BDHT action
equivalent to the DBI action. A set of equa-
tions for general value of p has been written
down, and it has been solved for p=2,3 and 4.
This program started out with the hope that
there would be simplifications as compared to
the Dirac–Born–Infeld actions, but so far rather
the contrary has happened. A positive attitude
would perhaps be that the correct set of auxil-
iary fields still has to be found. As a consequence,
the work described in the following section, where
the super- and κ-symmetric D-brane actions are
formulated, is performed entirely with the use of
Dirac–Born–Infeld kinetic actions.
3. ACTIONS FOR SUPERSYMMETRIC
D-BRANES
This section reviews the work of refs. [2,3]. In
the first section of this contribution (eqs. (1) and
(2)), we described the action for a purely bosonic
D-brane, containing couplings to the massless
bosonic fields of type II string theories. The most
efficient way of writing down the full supersym-
metric action is to replace all background fields by
the corresponding superfields, and view the the
bosonic D-brane world-volume as propagating in
a superspace, i.e., the pull-backs are performed
by ∂iZ
M , where ZM = (Xm, θµ) are coordinates
for the appropriate superspace. In such a formu-
lation, supersymmetry will be manifest. We will
however perform a little manipulation on the ex-
pressions of section 1. The reason for this is that
the metric entering eq. (1) is the string metric,
and not the Einstein metric. To this end we ab-
sorb a dilaton factor in the metric, and write the
action as
I = − ∫ dp+1ξe− p−34 φ
√
−det(gij + e− 12φFij)
+
∫
eFC . (19)
The relevant superspaces are those used in the
superspace formulation of the massless sectors of
type IIA and IIB superstrings, i.e., of type IIA and
IIB supergravity. The type IIA superspace con-
tains two ten-dimensional Majorana-Weyl spinors
of opposite chirality, while in type IIB the chi-
ralities are equal. In either case, we count to a
number of 32 real fermionic coordinates, which
from a world-volume point of view are propagat-
ing fields. This number is cut to half by the
fields equations. If we compare to the bosonic
sector, containing the 9-p transverse components
of the embedding and the p-1 of the U(1) po-
tential, there is an obvious mismatch of a fac-
tor two. The D-brane world-volume field theory
can not have a matching number of bosons and
fermions unless there is a mechanism that reduces
the number of fermions to eight. This is the roˆle
of κ-symmetry. It is the fermionic gauge symme-
try that gauges away half a spinor. The neces-
sity of κ-symmetry can also be understood from
the observation that D-branes are BPS-saturated
states, breaking half the supersymmetry. A BPS-
saturated multiplet is a “multiplet” (the same
size as a massless one), and κ-symmetry leaves
the correct number of fermions to generate such
a multiplet. The main issue in the formulation of
supersymmetric D-branes is to prove that the ac-
tion (19) really possesses such a fermionic gauge
symmetry. Here, this construction will only be
sketched, and the reader is referred to refs. [2,3]
for the full details.
In order to make clear the details of the κ-
symmetry, it is instructive to begin with the
flat superspace case. There, one has coordinates
(Xa, θα) (these letters are used throughout for in-
ertial frame indices, and collectively denoted by
A), and while a rigid supersymmetry transforma-
tion on the coordinates is
δεθ
α = εα ,
δεX
a = −i(θ¯γaε) , (20)
6a κ-transformation takes the form
δεθ
α = κα ,
δεX
a = i(θ¯γaκ) . (21)
The only formal difference is the sign in the trans-
formation of the bosonic coordinate (and the fact
that κ is a local parameter). Thus, while the gen-
erator of supersymmetry is the ordinary super-
symmetry generator, a generator of κ-symmetry
is a covariant derivative, and due to the fact that
κ is projected down to half a spinor, only half a
covariant derivative. The use of chiral superfields
in four dimensions is a way to eliminate this re-
dundancy.
When we move to arbitrary curved superspace,
the picture is equally simple. In terms of the co-
ordinates, the transformations read
δκZ
M = καEα
M ≡ κM . (22)
It is easily verified that this expression reduces to
the ones above for the choice of flat vielbein
Em
a = δm
a , Em
α = 0 ,
Eµ
a = iδµ
α(γa)αβθ
νδν
β , Eµ
α = δµ
α . (23)
When investigating the transformation properties
of the action (19), we need the induced transfor-
mations of the background fields, and also the
transformation rule for the U(1) potential. It fol-
lows straightforwardly from the coordinate trans-
formations that the induced transformations of
any background field Ω is δκΩ = δκZ
M∂MΩ =
κM∂MΩ. When dealing with pullbacks to the
world-volume, we also have to take into account
the transformation of the the pullback vielbeins
Ei
M = ∂iZ
M , and obtain
δκgij = 2E(i
aEj)
BκαTαBa ,
δκC = LκC = iκdC + diκC , (24)
the latter equation valid for the pullback of any
form (T is the torsion tensor). The transforma-
tion of the U(1) potential is of course not a priori
given, it must be constructed so that the action
is invariant. It turns out that the correct trans-
formation is
δκA = iκB , (25)
which means that F = F −B transforms as
δκF = iκdB = iκH . (26)
This also implies that the transformation of the
WZ part of the action is (modulo boundary terms,
which will not be considered here)
δκIWZ =
∫
eF iκR , (27)
where the RR curvature cochain is
R = eBd(e−BC) . (28)
In order to write down the action (19) more
explicitly, we need to examine which background
fields enter this expression. These are the bosonic
fields of type II supergravity, i.e., the metric gmn,
the dilaton φ and the antisymmetric tensor field
Bmn from the NS-NS sector of the correspond-
ing superstring theory, together with the antisym-
metric tensors of the RR sector. In a superspace
formulation, these fields are all superfields. They
are not independent, but subject to constraints
that fix some of the components and relate other
to each other, in order to bring the total num-
ber of fields down to the physical content men-
tioned. Here, we will display only part of these
constraints, namely those needed for proving κ-
symmetry of the action. From the transforma-
tions of the background fields above, it is clear
that only components with at least one spinor in-
dex are affected. This allows us to consider only
fields of dimension 0 or 1/2.
Before giving the constraints, it is necessary to
digress on the relevant superspaces. In type IIA,
the fermions are a pair of Majorana–Weyl spinors
of opposite chirality. They can be put together
into a Majorana spinor, which is identical to a
Majorana spinor in eleven dimensions. Besides
the gamma matrices, there is an invariant matrix
γ11 which squares to 1 and anticommutes with the
gamma matrices. In type IIB, the two Majorana–
Weyl spinors have the same chirality, and can be
considered as a (complex) Weyl spinor. However,
this is not convenient for our purposes. The divi-
sion of the fields into the NS-NS and RR sectors,
which in this context corresponds to couplings in
the kinetic and WZ terms, respectively, roughly
7means splitting complex fields in real and imagi-
nary components. We therefore stay with a real
formulation, and in addition to the gamma ma-
trices there are three invariant real 2×2-matrices
I, J and K spanning the Lie algebra of SL(2).
Of these, J and K are symmetric and square to
1 and I antisymmetric and squares to −1 . We
also use IJ = K and all three matrices mutually
anticommuting.
Our constraints are
Tαβ
c = 2iγcαβ , Taβ
c = 0 ,
IIA: Tαβ
γ = 3
2
δ(α
γΛβ) + 2(γ11)(α
γ
(γ11Λ)β)
−1
2
(γa)αβ(γ
aΛ)γ
+(γaγ11)αβ(γ
aγ11Λ)
γ
+1
4
(γab)(α
γ
(γabΛ)β) ,
IIB: Tαβ
γ = −(J)(αγ(JΛ)β)
+(K)(α
γ
(KΛ)β)
+1
2
(γaJ)αβ(γ
aJΛ)γ ,
−1
2
(γaK)αβ(γ
aKΛ)γ ,
Hαβγ = 0 ,
IIA: Haβγ = −2ie 12φ(γ11γa)βγ ,
Habγ = e
1
2φ(γabγ11Λ)γ ,
IIB: Haβγ = −2ie
1
2φ(Kγa)βγ ,
Habγ = e
1
2φ(γabKΛ)γ ,
R(n)αβγA1...An−3 = 0 ,
IIA: R(n)a1...an−2αβ
= 2i e
n−5
4 φ(γa1...an−2(γ11)
n
2 )αβ ,
R(n)a1...an−1α
= −n-5
2
e
n−5
4 φ(γa1...an−1(−γ11)
n
2 Λ)α ,
IIB: R(n)a1...an−2αβ
= 2i e
n−5
4 φ(γa1...an−2K
n−1
2 I)αβ ,
R(n)a1...an−1α
= −n-5
2
e
n−5
4 φ(γa1...an−1K
n−1
2 IΛ)α .
Λα = 12∂αφ . (29)
Constraints are formulated in terms of gauge-
invariant quantities. When a constraint is im-
posed on a set of curvatures, one has to check
that the Bianchi identities are still satisfied. This
involves a number of Fierz identities valid in the
different superspaces, and these nor the Bianchi
identities themselves will be restated here. This
is done in full in refs. [2,3]. For the original for-
mulations of the type II supergravities we refer
to refs. [17,18], where the superspace conventions
however are quite different from ours, that are
streamlined for D-brane calculations.
The constraints are to a certain extent a mat-
ter of convention. One such convention is that
the dimension-1/2 component Tαa
b of the torsion
tensor is set to zero. The other dimension-1/2
component, Tαβ
γ can not consistently be set to
zero, it is needed for a full treatment of curved su-
perspace. Note also that Λα, the superfield that
contains the physical fermion as its leading com-
ponent, does not vanish in a general background,
since it contains physical fields in its higher com-
ponents. It should also be noted that the con-
straints put the supergravity theories on-shell.
The task is now to demonstrate that the action
(19) is invariant under κ-symmetry. This proof
contains essentially two steps. The first one con-
sists of finding a projection operator that can be
used to project the transformation parameter to
half its original number of components, and the
second one of performing the actual transforma-
tions and to confirm that the contributions from
the Dirac–Born–Infeld and Wess–Zumino terms
cancel.
The projection operator Π must have rank 16,
since the superspaces have 32 fermionic direc-
tions. We write it as Π± = 12 (1 ± Γ), where Γ
is a traceless matrix that squares to 1 . It then
follows from the fact that the eigenvalues of Γ
are ±1 that Π is a projection operator, and from
the tracelessness that the number of positive and
negative eigenvalues are equal, so that the rank
is correct. We will use the + sign, but this is just
a matter of convention.
Some guidance can be obtained from the known
properties of type I branes, where no antisymmet-
ric world-volume tensor is present, and Γ takes
the simple form
Γ =
(−1) 14 (p(p+1)+2) εi1...ip+1
(p+ 1)!
√−detg γi1...ip+1 . (30)
8Here, world-volume gamma matrices are of course
pullbacks of the space-time ones. They depend on
the fermionic coordinates even in the flat case,
through the projection vielbeins Ei
M . One must
be careful with the “sign factor” in this expres-
sion; for certain values of p it will be imaginary,
which is unacceptable when the spinors are real.
In the D-brane case, this will be compensated by
appropriate factors of I (which squares to −1)
or γ11 (which anticommutes with gamma matri-
ces). We note that this must essentially be the
leading part of the D-brane Γ’s, obtained when
F and the dilaton are set to zero. We also note
the “form character” of Γ, that makes it possible
to rewrite it as (disregarding the sign factor)
dp+1ξ Γ ∼ − 1
L
γ , (31)
with γ being the natural gamma matrix (p+1)-
form
γ =
1
(p+ 1)!
dξip+1 ∧ . . . ∧ dξi1 γi1...ip+1 . (32)
The projection operator Π acts exactly as a chi-
rality projection operator.
We can now state the form of the matrix Γ for
D-branes. It is
dp+1ξ Γ
= − e
1
4
(p−3)φ
LDBI
exp
(
e−
1
2φF
)
∧XY |vol , (33)
with
X =
⊕
n
γ(2n+q)P
n+q (34)
and
IIA: P = γ11 , Y = 1 , q = 1 ,
IIB: P = K , Y = I , q = 0 . (35)
In this expression, the (p+1)-form in the right
hand side should be singled out. To actually show
that Γ squares to 1 is quite complicated, and we
refer to ref. [3] for the proof. The tracelessness
is trivial. The picture maybe becomes more clear
from an example. For the D3-brane, Γ takes the
form
Γ = ε
ijkl√
−det(g+F)
×
(
1
24
γijklI + 14FijγklJ +
1
8
FijFklI
)
, (36)
and a similar pattern is followed by all the Γ’s.
It now only remains to demonstrate the invari-
ance of the action (19). This is straightforward
but tedious work. It of course makes use of the
fact stated above that all variations may be ex-
pressed in terms of the dimension-0 and 1/2 back-
ground field components, and uses the solutions
of the Bianchi identities already put forward. The
conclusion is that we have proven that eq. (19)
correctly describes the dynamics of the supersym-
metric D-branes, provided they propagate in a
background that solves the equations of motion
for the effective action of the massless fields of
the appropriate superstring theory.
4. CONCLUSIONS
In this contribution, we have mainly discussed
two aspects of actions for D-branes, the possi-
bility of simplifying them with the help of an
auxiliary non-propagating world-volume metric,
and the formulation of supersymmetric and κ-
symmetric D-brane actions.
The investigation of the first of these issues re-
sulted in partly negative results — although we
were able to determine the form of these actions
for lower values of p, we were not able to detect
a clear pattern of the solutions possible to gener-
alize to all p. We also detected increasing com-
plication as p was increased. Still, there should
a reservation for the possibility that some addi-
tional auxiliary fields might simplify the situa-
tion. The status of the problem is not conclusive.
One of the main motivations behind this first
investigation was the hope that supersymmetriza-
tion might be made easier in such a framework.
We were however able to solve that second prob-
lem without resorting to any auxiliary fields. The
presentation of that solution was the other main
issue addressed here. We were able to write down
the general action for a supersymmetric D-brane
and demonstrate the mechanism of κ-symmetry
in a general supergravity background. Consis-
tency of the D-brane action required the super-
gravity equations of motion to be satisfied (ac-
tually, the actions for higher p require inclusion
of both the ordinary supergravity fields and their
duals, which is only possible on-shell).
9There are of course many questions to address
in the future in connection to the present work.
Some of the most interesting are related to M-
theory in eleven dimensions [19–23], which in a
fundamental and surprising way seems to be re-
lated to D-branes [23]. We would like to apply the
techniques to the eleven-dimensional fivebrane,
whose action is not even known in a bosonic trun-
cation. Closely connected is the problem of treat-
ing configurations of multiple coinciding D-branes
[24], which seems to go outside the realm of a clas-
sical space-time, into a non-commutative geome-
try. This provides a concrete realization of what
for a long time generally has been suspected to be
necessary if one hopes to get hold of what non-
perturbative string theory really is.
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